Glutamate decarboxylase (GAD) is the key enzyme in GABA shunt, which catalyzes the a-decarboxylation of glutamate to produce GABA. A specific inhibitor for GAD is convenient to study the dynamic balances of GABA metabolism in plants. The inhibitor of GAD in germinated fava beans was screened, and its inhibitory effect on the growth and GABA accumulation in fava beans during germination under hypoxiaNaCl stress was investigated. The inhibitory effect of aminoxyacetate for fava bean GAD was better than those of other chemicals, and it increased with the increase in concentration in vivo. After aminoxyacetate (5 mM) application for 4 days during germination, the GAD activity in germinating fava beans was significantly inhibited by more than 90% in both organs. Meanwhile, the growth of fava bean sprouts was also slightly suppressed. Moreover, the GABA contents decreased by 43.9% and 81.5% in a 4 day-old cotyledon and embryo, respectively, under aminoxyacetate treatment compared with that in the control. In summary, these results showed that aminoxyacetate can serve as a specific inhibitor of GAD in plants. At least 43.9% and 81.5% of GABA in germinating fava beans under hypoxia-NaCl stress were synthesized via GABA shunt.
Introduction
G-Aminobutyric acid (GABA) is a ubiquitous four carbon, nonproteinaceous amino acid, which is one of the major inhibitory neurotransmitters in mammals. 1 Recently, a huge amount of research has been done on the rapid accumulation of GABA levels in bean sprouts through seed germination under abiotic stresses, especially hypoxia and salt stress, [2] [3] [4] [5] as GABA can prevent certain forms of cancer and reduce the risk of cardiovascular diseases. 6, 7 In higher plants, the conserved metabolic pathways known as the GABA shunt and polyamine (PA) degradation pathways have been well studied. GABA is synthesized from alpha-decarboxylation of glutamate (Glu) catalyzed by glutamate decarboxylase (GAD, EC 4.1.1.15) in the cytosol; this process is called the GABA shunt. 8 Meanwhile, polyamine (PA) oxidation is catalyzed by diamine oxidase (DAO, EC 1.4.3.6) and polyamine oxidase (PAO, EC 1.5.3.11) to form g-amino butyraldehyde and then, g-aminobutyraldehyde is converted by aminoaldehyde dehydrogenase (AMADH, EC 1.2.1.19) to produce GABA. 9 Mechanisms have been put forward for the production of GABA, the dynamic balances of GABA shunt and PA degradation pathway in plants. At present, the effect of the PA degradation pathway on GABA accumulation was investigated by inhibiting DAO activity via aminoguanidine (AG).
2, 10 The reduction in GABA formation was considered to be due to PA degradation pathway aer DAO activity was inhibited. It has been reported that about 30% of GABA accumulation is due to PA degradation in germinated fava beans under non-stress 11 and hypoxia stress.
2 However, there is no specic inhibitor for GAD to investigate the contribution of GABA shunt on GABA accumulation in plant tissues under stress, and the contribution rate of the GABA shunt to GABA accumulation is not clear, although the GABA shunt has been studied since it was rst reported more than y years back.
12 Furthermore, AG is a specic inhibitor of DAO rather than PAO and AMADH. More and more research has demonstrated that AG cannot inhibit DAO activity completely 10,11,13 let alone PAO and AMADH, which are also key enzymes responsible for GABA synthesis in the polyamine degradation pathway.
9 A specic inhibitor for GAD, as the only known rate-limiting synthase in GABA shunt, is convenient to study the accurate contribution ratio of the GABA shunt for GABA formation. Besides, further studies on the GABA shunt will undoubtedly provide a new understanding of the mechanism of GABA accumulation.
GAD has been identied and puried in various higher plants, and its enzymatic properties have been studied in detail.
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Considerable inhibitory potentials of certain reagents have been conrmed in vitro, particularly the inhibitory effects on puried plant GAD.
14 These in vitro studies indicated that sulydryl compound and aminoxyacetate can inhibit the activity of puried GAD.
14, 17 To the best of our knowledge, very few studies have reported the effects of these reagents on the physiological functions of plants, especially the metabolic process of GABA. The aim of this study is to conrm the in vivo inhibitory effect of four selected inhibitors. Meanwhile, in case of the specic inhibitor applications, the changes in the growth and the contribution of GABA shunt in GABA accumulation of fava beans during germination under hypoxiaNaCl stress are investigated.
Experimental

Materials and reagents
The fava bean seeds (Qi Bean 2) were purchased from Jiangsu Academy of Agricultural Sciences (Nanjing, China). Aminoxyacetate, GABA, dimethylaminoazobenzene sulfonyl chloride and Glu were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Material treatment and experimental design
Dried fava bean seeds were surface-sterilized by soaking in 1% (v/v) sodium hypochlorite for 15 min; then, they were washed and steeped in deionized water for 8 h at 30 C. The soaked seeds were put into a culturing pallet (25 cm Â 20 cm Â 5 cm) and incubated in the dark at 30 C for 48 h. The seeds were sprayed with deionized water every 8 h. Then, the pretreated fava beans were placed in sprout pots (6 cm diameter Â 9 cm height) and germinated in a dark incubator at 30 C for 4 days under hypoxia-NaCl stress (pH 3.5, 10 mM citrate buffer, 60 mM NaCl, dissolved oxygen concentration 5.5 mg L À1 ). The condition of hypoxia-NaCl treatment was chosen because of the high GABA content in germinated fava beans, as indicated in our previous study. 18 Meanwhile, the culture solution contained 0.0, 2.5, 5.0, 7.5 and 10.0 mM of b-mercaptoethanol, dithiothreitol, L-cysteine and aminoxyacetate, respectively. Three independent biological experiments were performed. During the germination, the culture solution was replaced at 8 h intervals. The sprouts were collected, rinsed, frozen in liquid nitrogen, and stored at À20 C until analyses.
Moreover, the pretreated fava bean seeds were germinated under hypoxia-NaCl stress as described above, and the culture solution contained 5.0 mM of aminoxyacetate. The control sprouts were germinated under the culture solution without inhibitors. The seeds were germinated for 0 d, 1 d, 2 d, 3 d and 4 d. Then, the sprouts were also collected, rinsed, frozen and stored for analyses.
Measurements of GABA and Glu contents
GABA and Glu were extracted from germinated fava beans and puried according to the procedure described by Bai et al. 19 The residue was dissolved in 2 mL of 1 M sodium bicarbonate (pH 9.0) and centrifuged at 6000 g for 10 min. GABA and Glu contents were determined using the Agilent 1200 Series HPLC system with a ZORBAX Eclipse AAA reverse phase column (150 mm Â 4.6 mm, 3.5 mm; Agilent, Palo Alto, Calif., USA), as described by Yang et al. 2 
GAD activity assay
GAD activity was determined according to the method described by Bai et al. 19 The GABA content in the reaction solution was analyzed by the standard method. One unit of GAD activity was dened as the release of 1 mM of GABA produced from glutamate per 60 min at 40 C. The GAD activity of plant tissues was dened as units of GAD activity of 1 g DW.
Measurements of sprout length and fresh weight
Sprout length was measured directly using a vernier caliper. Thirty sprouts were set as a sampling group for each measurement. For determination of fresh weight (FW) and dry weight (DW), 30 soybeans were weighed, followed by ovendrying at 80 C for 48 h and then, the average weight was calculated.
Statistical analysis
All results were expressed as mean values AE standard deviations of three replicates independent of the germinated fava beans. The data obtained were subjected to analysis of variance (ANOVA), and the mean differences were compared with Tukey's test; a p value at 0.05 was considered signicant.
Results and discussion
Selection of GAD inhibitor
The present study illustrated the in vivo inhibitory effects of sulydryl compounds and aminoxyacetate on germinated fava bean GAD activity in various concentrations (Table 1) . GAD activities in cotyledon and embryo of germinating fava beans showed a dose-dependent decrease with an increase in the concentrations of the selected inhibitors 0.0 mM onwards. In comparison with the results for the control (0.0 mM), the GAD activities in both organs were signicantly inhibited, as was observed at 0.25 mM of all the inhibitors. Aer treatment with b-mercaptoethanol, dithiothreitol and Lcysteine, the GAD activity in the embryo was found to be higher than that in cotyledon at the same concentration, whereas the results were different under aminoxyacetate treatment. GAD activity in both organs signicantly decreased up to 7.5 mM of b-mercaptoethanol, dithiothreitol and L-cysteine and then remained constant following any further increase in their levels ( Table 1 ). The fava beans were germinated for 4 days under 5.0 mM of aminoxyacetate treatment, aer which it was found that the GAD activities in embryo were 53.6%, 17.3% and 21.5% for the b-mercaptoethanol, dithiothreitol and L-cysteine treatments, respectively, at the same concentration. Moreover, the GAD activity was not detected in cotyledon and embryo of the germinated fava beans treated with 10.0 mmol L À1 aminoxyacetate. These results suggested that aminoxyacetate maybe the appropriate inhibitor for GAD activity during fava bean germination.
Changes in GABA and Glu contents and sprout lengths aer inhibition of GAD activity
The GABA content signicantly decreased (p < 0.05) in cotyledon and embryo of germinated fava beans exposed to aminoxyacetate (Table 2 ). Aer treatment with 5.0 mM aminoxyacetate, the GABA contents in cotyledon and embryo decreased by 66.03% and 90.32%, respectively, in comparison with the results for the untreated control. The Glu content showed a different response, that is, its content increased rst at low concentrations of aminoxyacetate and then, it started markedly declining at higher concentrations of aminoxyacetate ( Table 2 ). The Glu contents in cotyledon and embryo of 4 d germinated fava beans increased 1.56-and 1.53-fold, respectively, when compared with those of the control. The sprout length of the germinating fava bean, understandably, was progressively suppressed with the increase in aminoxyacetate concentration, whereas there was no signicant difference found when the concentration of aminoxyacetate was above 5.0 mM ( Table 2) . The above-mentioned results suggested that the optimal inhibition concentration of aminoxyacetate in germinated fava beans was 5.0 mM.
Growth performance of germinated fava bean
To evaluate the effect of aminoxyacetate on the germinated fava bean, its sprout length and fresh weight were measured during germination (Fig. 1) . Compared with that of the control, the sprout length of the fava bean decreased during germination in a aminoxyacetate-treated sprout (Fig. 1A) . Aer germinating for 4 days under aminoxyacetate treatment, the sprout length was 65.7% of that of the control. Similarly, the inhibitory effect of aminoxyacetate was also observed on the fresh weight (Fig. 1B) . The fresh weight increased signicantly (p < 0.05) with germination time under treatment; however, aer 4 days, aminoxyacetate addition resulted in a decrease by 12.9% compared with the results for the control. The growth of germinating fava beans was inhibited under aminoxyacetate treatment during germination.
Changes in GAD activity in germinating fava bean
Under aminoxyacetate treatment, the GAD activities in cotyledon and embryo during germination are shown in Fig. 2 . Under the normal hypoxia-NaCl stress condition, the GAD activity increased rst and then decreased during germination, showing peak values at 3 d and 2 d of germination in cotyledon and embryo, respectively. As expected, aminoxyacetate treatment led to a continuous decrease in GAD activity, which was always maintained at a lower level during germination in both organs (Fig. 2) . These facts proved that aminoxyacetate is a specic inhibitor of GAD and can be selected appropriately for the research regarding the mechanism and dynamic balances of GABA in higher plants.
Changes of GABA and Glu contents in germinating fava bean
GABA contents in cotyledon and embryo both showed a continual and signicant enhancement under normal hypoxia-NaCl stress during germination, and the GABA content was higher in the embryo when compared with that in the cotyledon (Fig. 3A and B) . Under aminoxyacetate treatment, the GABA content gradually increased as the germination time was prolonged. Simultaneously, the aminoxyacetate treatment resulted in a noticeable decrease in GABA contents by 43.9% and 81.5% in the cotyledon and embryo, respectively, of 4 d germinated fava beans when compared with the results of the untreated control. In the early stage of germination, the Glu contents in fava beans continued to increase under both treatments, but the contents exhibited decrease in later stages. The Glu contents in cotyledon and embryo under aminoxyacetate treatment remained higher than those of untreated control during the whole germination process (Fig. 3C ).
Discussion
In plants, GABA is synthesized via GABA shunt and polyamine degradation pathway. Abiotic stress can signicantly increase the GAD and DAO activities and promote GABA accumulation during seed germination. 8, 9 The primary biosynthesis of GABA in plants is carried out by the action of cytosolic GAD.
8 Studies on GAD are required for a better understanding of the metabolic mechanism of GABA in plants. There have been numerous studies that have investigated the regulation and activity of GAD in different plants; [20] [21] [22] also, the enzymatic properties of plant GAD have been studied in detail. [15] [16] [17] Plant GAD generally contains a C-terminal region known as the Ca 2+ /calmodulin (CaM)-binding domain. 23 Hence, the study indicated that GAD activity can be inhibited by sulphydryl reagents, aminoxyacetate, calcium binding agents, 3-mercaptopropionate, etc. [24] [25] [26] However, there is very less information about the effects of these inhibitors on the physiological and metabolic processes of GABA in plants. It was evident from our study that b-mercaptoethanol, dithiothreitol and L-cysteine showed dosedependent inhibitory control abilities in fava bean GAD during germination. Consistent with previous in vitro results, 2, 25 the suppression effect of aminoxyacetate on GAD activity in germinating fava beans under hypoxia-NaCl stress was still better than those of other chemical inhibitors in the present study.
Not surprisingly, 5.0 mmol L À1 of aminoxyacetate not only inhibited GAD activity but also suppressed the growth of fava bean sprouts during germination, since the GABA shunt has been proven to play an important role in plant carbon and nitrogen partitioning and development. 8, 20 Moreover, Barbosa et al. suggested that the plant GAD plays a critical role in the regulation of pH, mineral acquisition and nitrogen uptake.
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GAD activity may also have a relationship with the earlier diversication and evolution of vascular plants. 28 In the present research, aminoxyacetate inhibited 90.1% and 94.5% of GAD activities in cotyledon and embryo, respectively, of 4 d germinated fava beans. Subsequently, the GABA contents in the cotyledon and embryo decreased by 43.9% and 81.5%, respectively, compared with those of the control. It can be concluded that in cotyledon and embryo of the germinating fava beans under hypoxia-NaCl stress, the GABA shunt provided at least 43.9% and 81.5% of GABA formation as GAD activity was not inhibited completely. Previous researchers have found that between 30% and 40% of GABA accumulation is contributed by the polyamine degradation pathway in germinated fava beans under hypoxia stress by the inhibition of DAO activity via AG.
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Meanwhile, AG inhibited 39% and 24.5% of GABA formation in NaCl-treated soybeans, as noted in the paper by Xing et al. 10 and our previous research, 29 respectively. This difference may be due to different abiotic stresses and sampling positions. The mechanism of GABA in higher plants depends on the severity and duration of the stress and the growth conditions as well as the developmental stages of the plants. Furthermore, Glu is the direct substrate for GABA accumulation in the GABA shunt. Hence, in the present study, the Glu contents in both organs of aminoxyacetate-treated fava beans were increased compared with those of the control during germination, since the GAD activity was signicantly inhibited.
Conclusions
Aminoxyacetate can be the most appropriate inhibitor of GAD activity in vivo, and it can be conveniently used to study the contribution ratio of GABA shunt and polyamine degradation pathway for GABA formation. It can be inferred that at least 43.9% and 81.5% of GABA accumulations were supplied by the GABA shunt in cotyledon and embryo, respectively, under hypoxia-NaCl stress.
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